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ABSTRACT OF THE THESIS 
 
Screening for Novel Mutants involved in Abscisic Acid Signaling and Effector Triggered 
Immunity Signaling, and CRISPR/Cas9 Mediated Double Mutant Generation of Tandem 
Genes VICTR and VICTL1 in Arabidopsis thaliana 
 
by 
 
Vince Anthony Corro Garin 
 
Masters of Science in Biology 
University of California, San Diego, 2017 
 
Professor Julian Schroeder, Chair 
 
 Abscisic acid (ABA) is an important phytohormone whose major functions 
include regulation of seed germination, stomatal movement, and other plant responses to 
biotic and abiotic stress. Recent research has revealed that ABA signaling exhibits cross-
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talk with effector triggered immunity, a pathway in pathogen defense signaling. 
However, the exact mechanisms of this crosstalk remain unknown. Previously, our lab 
discovered that a new small molecule DFPM ([5-(3,4-dichlorophenyl)furan-2-yl]- 
piperidine-1-ylmethanethione) induces ETI-linked signaling and inhibits ABA signaling, 
providing us with a method to screen for genes involved in the crosstalk between ETI 
signaling and ABA signaling. Using this screening method, the novel mutant rda3 
(resistant to dfpm induced aba inhibition 3) was isolated here. rda3 exhibits resistance to 
DFPM induced ABA signaling inhibition in the leaves of Arabidopsis thaliana. Its 
genetic locus is yet to be determined. In addition, the lab previously identified another 
gene involved in DFPM/ABA crosstalk called VICTR, (VARATION IN COMPOUND 
TRIGGERED ROOT), which codes for a Nucleotide Binding – Leucine Rich Repeat 
(NB-LRR) protein involved in early ETI signaling. It has a highly homologous tandem 
gene VICTL1, and since NB-LRR genes are often functionally redundant, generating a 
victr victl1 double mutant will allow us to more accurately characterize both genes. The 
close proximity of VICTR and VICTL1 makes a higher order mutant by cross-pollination 
inefficient, so we used CRISPR/Cas9 to mutate VICTR in victl1 mutant plants. Although 
we isolated plants harboring victr-like phenotypes, eliminating the CRISPR/Cas9 
construct from the mutant plants and creating stable mutations remain a challenge. 
1 
1. INTRODUCTION 
 Plants respond to biotic and abiotic stresses from the environment primarily 
through phytohormones. These hormones vary widely in structure and effect. Some 
hormones are heavily involved in regulating plant growth and development. For instance, 
the plant hormone auxin has been shown to regulate root gravitropism, root hair 
development, flower and leaf development, and vasculature development (Swarup et al., 
2012; Kiefer et al., 2010). Gibberellins primarily regulate stem elongation, seed 
germination, leaf expansion, pollen maturation, and flowering (Daviere et al. 2013; 
Genschick, 2009). Cytokinins play a role in promoting cell division to induce shoot 
elongation and growth, leaf senescence, apical dominance, nutrient uptake, and 
embryonic development (Kieber, 2014), and brassinosteroids promote plant growth like 
hormones do in animal systems (Bishop, 2002). Abscisic acid responds to biotic and 
abiotic stresses to regulate seed germination and seedling growth (Finkelstein, 2013) in 
addition to stomatal closing in response to drought (Kim et al., 2012).  
 Other plant hormones are important for immune responses in the plant 
environment. Salicylic acid (SA), ethylene (ET), and jasmonic acid (JA) hormone 
signaling are well characterized pathways involved in immune signaling (Robert-
Seilaniantz et al., 2011a). SA dependent pathways generally serve as an important 
defense to biotropic pathogens that rely on live plant tissues for survival, while JA 
dependent pathways generally impart defense to herbivores (Glazebrooke, 2005; Browse 
et al., 2009). 
 Plant immune response is initiated by the recognition of conserved molecules and 
markers found on pathogens. These molecules are called pathogen-associated molecular 
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patterns (PAMPs) (Dodds et al., 2010, Boller et al., 2009). These PAMPs are recognized 
by receptor proteins called pattern recognition receptors (PRR) (Boller et al., 2009). 
Activation of PRRs by PAMPs induces PAMP triggered immunity (PTI) in the cell, 
where the plant initiates a wide range of anti-pathogenic responses (Dodds et al., 2010). 
Certain pathogens secrete effector proteins to counteract PTI, and in response, plants 
have another pathway called effector triggered immunity (ETI) that recognizes effectors 
to initiate an appropriate anti-pathogenic response, often specific to the pathogen (Dodds 
et al, 2010). 
 Recent literature has uncovered roles of phytohormones that have been previously 
known to involve plant development, in immune responses. Recently it was shown that 
auxins exhibit crosstalk with SA signaling and ETI signaling. Auxins can negatively 
regulate ETI signaling (Robert-Seilaniantz et al., 2011a), while SA signaling negatively 
regulates auxin signaling (Wang et al., 2007; Park et al., 2007). In addition, studies on 
ABA, which in addition to its role in development and abiotic stress signaling has 
important roles in biotic stress signaling (Fujita, 2006), have shown its ability to 
upregulate and downregulate plant defense mechanisms depending on the pathogen 
involved (Spoel et al., 2008; Denance, 2013). In addition, ABA has been shown to 
interfere with disease-resistance signaling involving SA and JA/ET signaling (Mauch-
Mani et al, 2005; Robert-Seilaniantz et al., 2007; Yasuda et al, 2008) while at the same 
time it has been shown that plant pathogen signaling interferes with early ABA signaling 
(Ton et al, 2005; de Torres-Zabal et al, 2007). However, the exact molecular mechanisms 
and signaling pathways in the crosstalk between ABA and pathogen signaling have yet to 
be elucidated.  
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 The problem of analyzing plant signaling pathways falls on the redundancy and 
network robustness of plant signaling pathways (Kim et al, 2012). Knocking out one gene 
may not have enough of an effect to elicit an observable response due to 
complementation by another gene under normal organism operating conditions. In ABA 
signaling alone, there are over 1300 ABA responsive genes (Hoth et al., 2002). To 
overcome this redundancy, chemical genetics has been used as a method to efficiently 
screen for genes and proteins involved in specific pathways (Schreiber, 2000; Armstrong 
et al., 2004; Zouhar et al., 2004; Park et al., 2009). Chemical genetics work by screening 
small molecules that elicit an isolated signaling pathway or a specific set of pathways. 
Then the isolated small molecules can be used for a forward genetic to find candidate 
genes involved in that pathway that would otherwise have not been found by a traditional 
forward or reverse genetic screen. 
 Recently, small molecule DFPM ([5-(3,4-dichlorophenyl)furan-2-yl]- piperidine-
1-ylmethanethione) has been used as a chemical genetic agent to screen for genes 
involved in the crosstalk between ABA and ETI signaling (Kim et al, 2011). DFPM 
rapidly downregulates ABA-dependent gene expression and inhibits ABA-induced 
stomatal closure (Kim et al, 2011). Furthermore, DFPM’s activity requires the function of 
genes EDS1 (ENHANCED DISEASE SUSCEPTIBILITY1), PAD4 (PHYTOALEXIN 
DEFICIENT4), RAR1 (REQUIRED FOR Mla12 RESISTANCE), and SGT1b 
(SUPPRESSOR OF G-TWO ALLELE OF SKP1b), (Kim et a, 2011), all of which are 
important in effector triggered immunity (Garcia et al, 2010; Feys et al., 2001; Takahashi 
et al., 2003). In this way, DFPM acts as an activator for early ETI signaling which 
interferes with ABA signaling. Furthermore, by using DFPM in a forward genetic screen, 
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genes involved in the downregulation of ABA induced by ETI signaling can be 
discovered. 
 The first goal of this project is to find mutants that disrupt DFPM induced ABA-
induced signaling inhibition. Mutants that exhibit this behavior are designated as resistant 
to dfpm induced aba inhibition, or rda. In our case, this screen is performed by screening 
for Arabidopsis thaliana lines that display the rda phenotype using DFPM and ABA 
treatment assays from a pool of plants mutagenized by ethyl methanosulfate (EMS) 
mutagenesis. Screening for rda mutants and ultimately their causative mutations will 
provide us more the genes involved in the crosstalk between DFPM and ABA signaling, 
which ultimately allows us to examine the signaling pathways between ETI and ABA 
signaling. This lab has previously isolated two unique mutants rda1 and rda2, and here I 
discuss my screening of a new rda mutant rda3.  
 In addition to forward genetic screens of EMS mutagenized lines, DFPM screens 
have been used to identify genes involved in ABA and ETI signaling that occur in natural 
variations among ecotypes in Arabidopsis thaliana. One gene recently discovered by this 
method DFPM screening is VICTR (VARIATION IN COMPOUND TRIGGERED ROOT) 
(Kim et al., 2012). VICTR encodes for a TIR-NB-LRR (Toll-Interleukin1 Receptor– 
nucleotide binding–Leucine-rich repeat) protein (Kim et al., 2012). R proteins act as 
sensors for effector molecules that trigger downstream immune responses to pathogens 
(Glazebrooke, 20015; Jones and Dangle, 2006), and are encoded by either the Coiled Coil 
(CC)-NB-LRR group or the TIR-NB-LRR group depending on the domain of the N-
terminus (Belkhadir et al, 2004; Chisholm et al., 2006; DeYoung et al, 2006). VICTR 
associates with EDS1, PAD4, RAR1, and SGT1b for function and causes primary root 
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growth to arrest in the presence of DFPM (Kim et al, 2012). victr mutants exhibit a 
characteristic phenotype where primary root growth is uninhibited by DFPM (Kim et al, 
2012). VICTR also has a highly homologous gene called VICTL1 (VICTR Like 1) (Kim et 
al., 2012). Unlike VICTR, loss of function in VICTL1 does not appear to cause primary 
root growth arrest in the presence of DFPM (Kim et al., 2012). However, TIR-NB-LRR 
genes are often functionally redundant (Belkhadr et al., 2004), and it is interesting to test 
whether VICTL1 functions in concert with VICTR.  
 In order to better characterize VICTL1 and VICTR, it is useful to create a victr 
victl1 double mutant that can be used to characterize functions of VICTR and VICTL1. 
However, the close proximity of these two genes makes the traditional method of 
generating double mutants by cross pollination unfeasible. Recently, targeted genomic 
editing using CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic 
Repeats/CRISPR-Associated System-9) systems has been used to create mutants in many 
organisms including plants (Bortesi et al., 2015). CRISPR/Cas9 utilizes a system found in 
prokaryotes to detect and destroy viral DNA using guide RNAs to direct a Cas9 nuclease 
protein to cleave invading viral DNA (Barrangou et al., 2007). At its most basic 
implementation, CRISPR/Cas9 mutagenesis operates by using a guide RNA to direct a 
Cas9 nuclease protein to a target site complementing the guide RNA which then creates a 
double strand break (DSB). DSB is localized at several nucleotides upstream of a 
Protospacer Adjacent Motif (PAM) site, a 3 nucleotide motif often with the sequence 3’-
NGG-5’ that is required for CRISPR/Cas9 activity (Gaisunas et al., 2012). In most cases, 
the cell will repair the DSB using non-homologous end joining (NHEJ), which has a high 
chance of causing insertions or deletions (Bortesi et al., 2014). This can result in 
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frameshift mutations that can effectively knock out a gene (Bortesi et al., 2014). By using 
CRISPR/Cas9 to create a double mutant, the tedious effort of cross-pollinating closely 
located genes can be avoided.  
 Thus, the second goal of this project is to use CRISPR/Cas9 to generate a victr 
victl1 double mutant in Arabidopsis thaliana. This is done by using a CRISPR/Cas9 
construct to mutate VICTR in plants that have victl1 knocked out by T-DNA insertion. 
victr victl1 double mutants can be detected by examining the DFPM root growth 
phenotype and confirmed using DNA sequencing.  
7 
2. MATERIALS AND METHODS 
 
2.1 Novel Mutant Primary Screening 
 M3 3rd generation EMS mutagenized Arabidopsis seeds from Col-0 pRAB18:GFP 
(Kim et al., 2011) parent plants were used for primary screening for the rda phenotype. 
The pRAB18 promoter is activated in ABA signaling (Lang et al, 1992) and by being 
fused to GFP, allows us to detect the presence of ABA signaling by observing GFP 
fluorescence. Following 3-5 days of stratification at 4°C, seeds were grown for one week 
in half Murashige and Skoog (Phytotechnology Laboraties®, M404) medium 
supplemented with 1% Sucrose (½ MSS) media in white light at 1200 lumens before 
being transferred to soil in a 12/12 light/dark cycle at 1200 lumens. Following one week 
of growth in soil, single true leaves from each plant were treated with either 10 μM 
DFPM ½ MSS with 0.0025% Silwet-44, or ½ MSS with 0.0025% Silwet-44 for an hour 
before adding 20 μM ABA. Leaves were incubated for 24 hours before being observed 
under a fluorescence microscope. Plants that exhibit an rda phenotype, indicated by the 
presence GFP fluorescence when treated with ABA after 24 hours, are retested with the 
same method two weeks later and selected only if they still exhibit the rda phenotype. 
Finally, progeny of these selected plants were tested for the rda phenotype as a final 
confirmation. Lines whose progeny also exhibit the rda phenotype are considered to be 
putative rda mutants.  
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2.2 Pavement Cell Fluorescence Quantification  
To quantify GFP fluorescence in rda mutants, progeny from the leaves of rda 
mutants were treated with ½ MSS media only, media with 20 μM ABA, or media with 20 
ABA (Acros Organics, 133485000) μM following one hour of 10 μM DFPM treatment. 
The same treatments were performed on Col-0 pRAB18:GFP plants as controls. 
Following 24 hours of incubation, the pictures of leaves were taken using a confocal 
microscope, measuring GFP emission excited by 488 nm light using an argon laser. 
ImageJ was used to analyze pictures. 
 To quantify fluorescence, 1-3 random images were taken per leaf. All pictures 
were modified with the same gain parameters to normalize intensity. The average 
intensity of each picture was taken, and the average intensity for all pictures for a leaf 
was taken as the GFP fluorescence. A one way ANOVA followed by a post-hoc Tukey 
test was used to determine if the average fluorescence between groups were statistically 
significant.  
 
2.3 victr victl1 Screening for victr phenotypes and detection of CRISPR/Cas9  
To screen for resistance to DFPM-induced primary root growth inhibition, 
seedlings of previously isolated victl1 pRAB18:GFP plants transformed with a target 
CRISPR/Cas9 vector targeting the VICTR gene. The CRISPR/Cas9 vector was generated 
to target VICTR using a CRISPR/Cas9 cassette with 35S:Cas9 (Zhao et al., 2016) was 
inserted in the pGreen vector. Salk T-DNA insertion line of victl1 GK-385E08-018248 
expressing an ABA signaling marker pRAB18:GFP was transformed with CRISPR/Cas9 
vector using agrobacterium-mediated transformation through the floral dip method 
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(Zhang et al, 2006). The victr mutant is characterized by persistent primary root growth 
in the presence of DFPM media. Therefore to screen for victr mutant phenotypes, 5 day 
old seedlings were transferred to plates containing ½ MSS with 10 μM DFPM and grown 
vertically for 5 days in full light at 1200 lumens. victr mutant phenotypes would be 
selected based on their ability to keep growing in DFPM medium. 
 
2.4 Genomic DNA Extraction and Detection of CRISPR/Cas9 Construct by PCR 
To check for the presence of the CRISPR/Cas9 construct, plants were allowed to 
grow for 1-3 weeks before their genomic DNA was extracted and amplified for 
CRISPR/Cas9 specific primers. Leaves from 1-3 week old plants were frozen in liquid 
nitrogen and ground using a Retsch MM301 mixer mill. The crushed leaves were then 
treated with an extraction buffer containing 50 mM Tris-Cl, 10 mM EDTA, 100 mM 
NaCl, 1% SDS, and 10 mM β-mercaptoethanol (Sigma-Aldrich®, M6250) and incubated 
for 10 min in 65°C before being treated with potassium acetate at 1/3 volume on ice. The 
mixture was centrifuged at around x10000g at 4°C. Following centrifugation, the 
supernatant was removed. Following repetition of this step, genomic DNA is precipitated 
with isopropanol and centrifuged again at x10000g at 4°C. The isopropanol was removed 
and the pelleted DNA washed with 80% ethanol before being dried and dissolved in 
water. To detect the presence of the CRISPR/Cas9 construct, a PCR was performed using 
primers specific to the construct (Table 1) and then run on a 0.8% agarose gel to detect 
the presence of amplicons.  
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2.5 Identification of mutations at VICTR target sites 
Cleaved Amplified Polymorphic Sequences (CAPS) assay was performed to 
detect any mutation generated in the target CRISPR/Cas9 site. Extracted genomic DNA 
was treated with restriction enzymes (ApaI for target 1, SacI for target 2, BsaI for target 
3) specific to the target site following amplification for 24 hours. Cut DNA was separated 
from uncut DNA by running the digestion mix on a 1% agarose gel and extracting the 
uncut band for further sequencing using a GeneJET Gel Extraction Kit (K0691). To 
sequence the target site of CRISPR/Cas9, genomic DNA of the plant of interest was first 
extracted. PCR was then used to amplify the target area in the VICTR gene and sent for 
Sanger sequencing (Table 1). In case that there is a heterogeneous mixture of 
CRISPR/Cas9-derived mutations, each copy of DNA sequences were separately 
sequenced. The uncut band from CAPS assay was inserted into a pJet1.2/blunt plasmid 
vector using Thermofisher CloneJET PCR Cloning kit (K1231) by the manufacturer’s 
instruction and transformed into chemically competent E. coli through heat shock. 
Successfully transformed E. coli were isolated using an LB agar plate (1% tryptone, 0.5% 
yeast extract, 1% NaCl, 1.5% agar) supplemented with 50 μg/mL carbenicillin. Selected 
colonies were incubated in LB with carbenicillin media for 12-16 hours before 
undergoing plasmid extraction using Thermofisher’s GeneJET Plasmid Miniprep kit by 
the manufacturer’s instruction. Extracted plasmids were then sent for Sanger sequencing 
(Table 1).  
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2.6 ABA response in roots and leaves of victr victl1 double mutants 
To analyze ABA responses in the roots of transformed potential victr victl1 
mutants, seedlings were allowed to grow for 5 days following 3-5 days of stratification at 
4°C. Entire seedlings were then incubated for 24 hours in liquid ½ MSS media only, 
media with ABA, or media with ABA following one hour of DFPM treatment, ensuring 
that the entire root is submerged in the media. Following incubation, GFP fluorescence 
was analyzed using confocal microscopy in either the root or the leaf, measuring GFP 
fluorescence at with an excitation wavelength of 488 nm using an argon laser.  
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Table 1. Primers List 
 
Target Primer Sequence (5’->3’) 
CRISPR/Cas9 Construct 
F: ATGCAAGCTUGCGGCCGCGCTG 
R: GTTTTCCCAGTCACGACGTTG 
VICTR (Target Site 1) 
F: CCAAATTCATTATTAGATACATC 
R: GATAGGCAACGTAAAAGATCAAGCG 
VICTR (Target Site 2) 
F: GTGTACATGAGAATGCCTTCAAAG 
R: CCATATTGCCTTCTTCGGCTTGAG 
VICTR (Target Site 3) 
F: TCCAATTGCGGGGCATTGACCAGA 
R: CGCACTCTTCAAAGTGTTCAGTCACATTG 
VICTR Target Site 3 
Sequencing Primer 
CGCACTCTTCAAAGTGTTCAGTCACATTG 
VICTR Target Site 1 
Guide RNA 
GAAGCAATTCTTAAGGGCCCA 
VICTR Target Site 2 
Guide RNA 
GCTTTGACCCTCTTGGAGCTC 
VICTR Target Site 3 
Guide RNA 
GGTATACGACTCTTAGAGAC 
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3. RESULTS 
3.1 Rda3 screening results 
The rda (resistant to DFPM induced ABA inhibition) phenotype is characterized 
by persistent fluorescence of pRAB18:GFP in epidermal pavement  cells of the leaf 
epidermis as an indicator of ABA signaling in these cells even in the presence of DFPM. 
Screening for new rda mutants was conducted using a pool of 3rd generation M3 plants 
from an ethyl methanesulfonate (EMS) mutagenized pRAB18:GFP population (Figure 1). 
Of 216 M3 EMS mutagenized Col-0 pRAB18:GFP lines, 5 passed the first screening. 
(M2-10-57, M2-10-150, M2-10-175, M2-10-187, M2-10-203). Progeny of these lines 
were retested to determine if phenotype was robust. Of these five plants, only M2-10-175 
plants had progeny that exhibited a robust rda phenotype. M2-10-175, repeatedly showed 
DFPM hyposensitivity in inhibiting ABA mediated-pRAB18:GFP fluorescence in leaf 
pavement cells, was re-named as rda3 for resistant to DFPM induced ABA inhibition 3.  
In a sample of 10 M4 rda3 plants, there was a weak albeit noticeable decrease in 
the level of DFPM sensitivity as indicated by the fact that ABA-induced GFP 
fluorescence level was maintained in DFPM-treated rda3 while in wild type plants 
DFPM treatment decreased ABA-induced GFP fluorescence (Figure 2). ABA-induced 
GFP fluorescence level was less affected in rda3 suggesting that ABA response in this 
mutant was not altered. We can conclude that rda3 causes a weak impairment in DFPM 
inhibition of ABA signaling. rda3 was backcrossed to the parental line, Col-0 
pRAB18:GFP. 10 BC1 F1 plants were examined for the rda phenotype. Because none of 
the backcrossed plants exhibited the rda phenotype, it can be concluded that the mutation 
or mutations causing the rda3 phenotype are recessive (Figure 3). In addition, the rda 
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phenotype in rda3 was limited to the leaf as no rda phenotype was observed in the roots 
of rda3 progeny, behaving similar to other rda mutants isolated by this laboratory (Figure 
4). Mapping of the rda3 gene is in progress. Efforts towards mapping are performed by 
selecting 2nd generation offspring from back-crossed lines (BC1F2) positive for the rda 
phenotype and deep sequencing their pooled genomic DNA to find mutation(s) that 
correlate with the phenotype (James et al, 2013).    
15 
 
 
  
Figure 1. Screening for new mutants showing the rda phenotype  
3rd generation EMS mutagenized Arabidopsis seeds from Col-0 pRAB18:GFP 
parent plants were used for primary screening for the rda phenotype. Following 3-
5 days of stratification at 4°C, seeds were grown for one week in ½ Murashige 
and Skoog media supplemented with 1% sucrose (½ MSS). Following one week 
of growth in the soil, single true leaves from each plant were treated with either 10 
μM DFPM ½ MSS with Silwet-44, or control condition ½ MSS with silwet-44 for 
an hour. Leaves were then incubated for 24 hours in 20 μM ABA before being 
observed under a fluorescent microscope. Plants that exhibit this rda phenotype 
are retested with the same method two weeks later and selected only if they 
passed the 2nd screening. Finally, progeny of these selected plants were tested for 
the rda phenotype as a final confirmation. 
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Figure 2. Analysis of rda3 progeny reveals an rda phenotype in leaves   
(A) Displayed are confocal pictures from the rda3 progeny and the control Col-0 RAB18 GFP. 
½ MSS only, 20 μM ABA, or 10 μM DFPM and 20 μM ABA. DFPM treatment preceded 
ABA treatment by one hour. All samples were incubated for 24h before microscopy. rda3 , 
when treated with DFPM and ABA, exhibit higher GFP fluorescence levels than the control, 
indicating ABA signaling, in epidermal pavement cells.  (B) Normalized average fluorescence 
levels in each frame was used to quantify GFP fluorescence. ** indicates p < 0.01, * indicates 
p < 0.05. One way ANOVA with a post-hoc Tukey test was used for statistical analysis. Bar 
height indicates average GFP fluorescence quantified by average pixel intensity and error bar 
width is one standard error of the mean. N indicates number of samples. All images used 
identical gain parameters.  
A 
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Figure 3. BC1F1 lines reveal recessive inheritance pattern of rda3.  
A representative image of back crossed first generation (BC1F1) rda3 x Col-0 pRAB18:GFP line 
exhibited decreased fluorescence when treated with DFPM for 1 hour before treatment with ABA, 
similarly to Col-0 pRAB18:GFP. Col-0 pRAB18:GFP was used as a wild type control. Samples were 
incubated for 24 hours before being examined by fluorescence microscopy. 10 F1 lines were 
examined and all 10 F1 linesdid not exhibit the rda phenotype.  
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Figure 4. DFPM response in roots appears unchanged in rda1, rda2, and rda3.  
Roots of rda3 and other rda mutants were examined under a fluorescent microscope 
following 24 hours of 20 μM ABA treatment, 20 μM ABA and 10 μM DFPM 
treatment, or ½ MSS media only treatment. Note that in the ABA only condition 
(middle panel), GFP fluorescence is present throughout the root-tip, while it is limited 
to the outer root tip in all rda mutants and WT Col-0 in the presence of DFPM (right 
panel). 
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3.2 victr victl1 Double Mutant Generation via CRISPR/Cas9  
Recall that VICTR codes for a TIR-NB-LRR protein and has a highly homologous 
tandem neighboring gene VICTL1. It is our goal to create a victr victl1 double mutant for 
experimental purposes. Prior to this experiment, victl1 pRAB18:GFP plants were 
transformed using CRISPR/Cas9 constructs (Figure 5) targeting three different target 
sites in VICTR (At5g46520) (Figure 6) by agrobacteria using the floral dip method. 
Transformed plants were screened for the victr phenotype, which is characterized by 
persistent primary root growth when treated with DFPM (Kim et al, 2012), in the T2 
generation. These plants were allowed to self-reproduce and followed to see if any victr 
phenotype plants lacked the CRISPR/Cas9 gene for two reasons. One reason is to ensure 
that putative mutations are stable and not from de novo mutations created by the 
CRISPR/Cas9 construct in the same generation. The other reason is to prevent off target 
mutations created by the CRISPR/Cas9 construct. 
Potential T4 victr victl1 double mutants in victl1 pRAB18:GFP plants transformed 
with a CRISPR/Cas9 construct targeting VICTR at site number 3 (Samples 12, 21, 30, 
Figure 1) were previously isolated through DFPM-mediated root growth arrest assays 
(Figure 8). When the genomic DNA of CRISPR/Cas9 target site was amplified by PCR 
and sequenced by Sanger sequencing, progeny of these T4 plants had a mix of mutations 
and wild type sequences at the target site (Figure 9). Analysis of pRAB18:GFP 
expression in the root tips of T6 progeny plants show that those plants exhibit a variable 
response to DFPM effects on ABA-expression,  some of them showing wild type-like 
response while others showing victr-like response (Figure 10). Wild-type response to 
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DFPM in the root is characterized limited expression of ABA to the outer root cells and a 
decrease of ABA expression in the inner root. These results may suggest that the tested 
progeny plants are a mix of plants containing a mutated victr gene and plants with a wild-
type genotype. On the other hand, T5 plants showing a victr root growth length 
phenotype exhibited DFPM sensitivity in the leaves similar to that of wild type plants 
(Figure 11). 
To eliminate the Cas9 gene and obtain homozygous mutant lines, T5 lines were 
backcrossed with the parental line victl1 pRAB18:GFP. Of the 160 second generation 
back-crossed plants (BC1F2) I have screened for DFPM insensitivity in root growth 
arrest, 41 show a victr phenotype for uninhibited primary root growth (25%) (Figure 12). 
All 41 plants were genotyped and all 41 had the CRISPR/Cas9 construct and a mix of 
mutations at the CRISPR target site. In addition, wild type phenotype BC1 F2 plants were 
also found to contain the Cas9 gene. 
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Figure 5: pGreenII_35S-Cas9_U6-26SK-VICTR Plasmid Diagram 
Containing CRISPR/Cas9  
Figure 6. CRISPR/Cas9 Target Sites on VICTL1 and VICTR 
A diagram of the target sites for the CRISPR/Cas9 construct. 3 different 
constructs were made targeting three places (marked as black arrowheads with 
numbers) in VICTR. Two of these targets are also present in VICTL1 
(arrowheads 1 and 2). 
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Figure 7. Screening for CRISPR/Cas9 victr victl1 Double Mutant  
victl1 pRAB18:GFP lines were transformed with Agrobacteria tumefaciens 
to introduce a CRISPR/Cas9 construct targeting the VICTR gene. The 
construct contains a hygromycin resistance gene, so transformed plants are 
selected through antibiotics selection. Starting from the T2 generation, 
putative victr victl1 double mutants are selected through root growth arrest 
assays. Putative double mutants are then examined for the presence of the 
CRISPR/Cas9 gene as well as mutations at the target site. If no plants 
lacking the CRISPR/Cas9 constructs are found, plants are selfed into the 
next generation and examined again for the presence of a CRISPR/Cas9 
construct and the victr phenotype/genotype. 
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Figure 8. T5 Plants in victl1 pRAB18:GFP Background Exhibited victr-like 
Phenotype in DFPM-mediated Root Growth Arrest Test.  
(A) These T5 progeny of victl1 pRAB18:GFP background T4 plants (12, 21, and 30) were grown for 5 
days in ½ Murashige and Skoog with 1% sucrose (1/2 MSS) plate and then transferred to ½ MSS plate 
containing 10 μM DFPM. All T5 plants exhibit the victr phenotype, which is characterized by persistent 
root growth when treated with DFPM. Wild type Col-0 plants exhibit root growth arrest. Note that the 
blue bars represent root length at the time of transfer. Plants were photographed 5 days after transfer of 
seedlings to DFPM containing media (B) Displayed are the increments of primary root lengths 5 days 
after 10 μM DFPM treatment for the progeny of T5 samples 12, 21, and 30. victr and Col-0 lengths are 
used as positive controls and negative controls respectively. Bar height represents the average increment 
root growth length. Error bar height from the mean represents one standard deviation. (N for 
CRISPR/Cas9 mutants = 16. N for victr and Col-0 = 2). 
 
A 
B 
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Figure 9. Mutations from T5 victl1 pRAB18:GFP Background Samples were 
Detected in VICTR Target Sites   
(A) The uncut band from the CAPS assay was extracted and sent for Sanger 
sequencing. The PAM (Protospacer Adjacent Motif) site is highlighted in red and 
the target site highlighted in green.CRISPR/Cas9 nuclease cleavage is reported to 
normally occur 4-6 nucleotides downstream the PAM site. A mixture of wild-type 
and mutant DNA appears to be present. (B) The CRISPR target site was cloned into 
pJet plasmids and transformed into competent E. coli which was then allowed to 
incubate on an LB plate with 100 mg/ml Carbenecillin for 16 hours. pJet plasmid 
conferred Carbenecillin resistance. Plasmids from 9 colonies were etracted and sent 
for Sanger sequencing. A combination of 2 nt deletions, 7 nt deletions, wild type 
DNA, and off target mutations were present.  
A 
B 
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Figure 12. T5 (left) and BC1F2 lines (right) grown on 
ABA/DFPM media to test for primary root growth arrest.  
The T5 lines on the left exhibit a clear victr phenotype. In 32 BC1F2 
lines grown on the right, 7 show the victr phenotype at an 
approximate 1:3 ratio. Seedlings were grown for 5 days in ½ MSS 
plates and then transferred to ½MSS plate containing 10 μM DFPM 
for 5 more days. Blue bars (left) and black bars (right) indicate the 
root length at initial time of transfer. BC1F2 lines showing the victr 
phenotype along with WT phenotype lines were found to have the 
Cas9 construct. Wild type Col-0 plants showing root growth arrest 
and victr mutant plants keeping root growth are used as controls.  
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4. DISCUSSION 
 DFPM has been shown to inhibit ABA signaling and to downregulate ABA-
induced gene expressions while at the same time upregulating genes involved in early 
ETI signaling (Kim et al, 2011). It is known that TIR-NB-LRR protein VICTR is 
required for DFPM function which then interacts with nucleo-cytoplasmic proteins EDS1 
and PAD4 (Kim et al, 2012) for ETI signaling. However, the complete picture of DFPM 
mechanism to downregulate ABA signaling has yet to be elaborated as well as the cross-
talk between ETI signaling and ABA signaling. As such, it is important to find any genes 
that would help elucidate this relationship. Isolation and functional characterization of 
rda3 might give us more insight on this matter.  
 Because rda3 exhibits resistance to DFPM-induced inhibition of ABA-induced 
pRAB18:GFP expression in the pavement cells of the leaf, causative mutation(s) for rda3 
could interfere with the crosstalk between ETI and ABA signaling. The gene mapping 
will allow us to narrow down the candidate gene(s) for RDA3.  Interestingly, DFPM-
hyposensitive phenotype of rda3 was only observed in the leaf and not at the roots 
(Figure 2A, Figure 4) suggesting that the RDA3 gene(s) will mainly function in the leaf. 
It is interesting since VICTR specific phenotypes mainly affect the root (Kim et al, 2012), 
thus suggesting that RDA3 functions might act in a pathway independent from VICTR.  
As characterization of rda3 continues, characterization of VICTR is as important 
for understanding the crosstalk between ETI signaling and ABA signaling. The high 
sequence homology of VICTR and VICTL1 posits the possibility of cooperation, although 
it has been previously shown that mutations in VICTL1 do not inhibit DFPM induced 
primary root growth arrest (Kim et al, 2011). Because the VICTR and VICTL1 are tandem 
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neighboring genes, generation of victr victl1 double mutants by crossing single mutants 
was deemed impractical and time consuming. By using a CRISPR/Cas9 genome editing 
technique, we hoped to attain a double mutant quicker and more efficiently. Initial results 
were promising, as by the T2 generation victr mutant phenotypes were clearly observed. 
However, none of the lines with a victr phenotype lacked the CRISPR/Cas9 construct. 
This is important because of the possibility of off-target effects (Yuduan et al., 2016) and 
the creation of new de novo mutations created by the Cas9 nuclease within each 
generation. 
However, it seems that the CRISPR/Cas9 construct does not produce a stable 
mutation in VICTR that will be transmitted to the next generation. Although victr mutant 
like phenotypes are observed in progeny of CRISPR/Cas9 transformed plants, sequencing 
the genomic DNA of these mutants reveal a mixture of mutations including the presence 
of wild type sequences (Figure 9 A-B). A victr mutant phenotype requires the loss of 
function of both VICTR alleles (Kim et al, 2012). Furthermore, analysis of DFPM 
responses in root-tips of victr CRISPR/Cas9 mutants reveals that progeny plants are 
mixture of wild type and victr (Figure 11). Previous research has shown that DFPM 
induced VICTR expression in the roots is sufficient to cause primary root growth arrest 
(Kim et al, 2012). CRISPR/Cas9 mediated mutations operate by creating 2-6 nucleotide 
deletions upstream of the PAM site that could cause a premature stop codon, halting 
protein production (Li-Sheen et al, 2013). Furthermore, Cas9 is expressed under 35S 
promoter and thus is expressed in all somatic cells (Figure 5), meaning that it is most 
likely constantly being expressed throughout the plant. Because a wild type genotype 
makes up the majority of the genetic makeup of these mutants (Figure 9B), I reason that 
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there is currently no stable mutation in these cells. Instead, I hypothesize that certain cells 
are making CRISPR/Cas9 mediated victr mutations de novo, disrupting their expression 
of VICTR protein when DFPM is present such that VICTR mediated root-growth arrest is 
inhibited. This would explain the heterogeneity of mutations observed in these mutants 
even in the presence of a clear victr phenotype. It would also explain the variable effect 
on ABA expression in the roots. 
Backcrossing T5 mutant plants displaying a victr root growth arrest phenotype 
failed to remove the CRISPR/Cas9 gene. However, the frequency of the victr mutant 
phenotype in BC1F2 dropped to about 25%. It was observed that even wild type 
phenotype BC1F2 lines had the CRISPR/Cas9 construct present. These results suggest 
that more than one copy of the CRISPR/Cas9 construct is present in the parent T5 plants. 
The CRISPR/Cas9 construct was introduced into the original parent plant by 
agrobacterium transformation, which can insert either single or multiple copies of the 
target construct in random places in the genome (McCormick, 1986).  It is probable that 
whether or not a CRISPR/Cas9 containing plant exhibits victr phenotype depends on the 
number of copies present in the plant. Plants with enough copies of the construct may be 
able to halt VICTR activity whereas plants without enough copies will not. While this 
would explain the presence of the CRISPR/Cas9 construct in all backcrossed lines, and 
why some backcrossed lines exhibit the victr mutant phenotype and others do not, we do 
not yet have evidence for a clear correlation between CRISPR/Cas9 copy amount and the 
mutation rate. 
To isolate a victr victl1 double mutant would require another backcrossing into 
the wild type parent line to create BC2 progeny to remove more copies of the 
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CRISPR/Cas9 construct. Furthermore, developments in CRISPR/Cas9 technology allow 
scientists to visually screen for the presence of CRISPR/Cas9 by adding mCherry 
fluorescence marker into the CRISPR/Cas9 construct, making the vetting process of 
finding CRISPR/Cas9 lacking mutants easier, and using this method would be a 
promising and efficient method to create a victr victl1 double mutant (Gao et al, 2016).  
In this case, we would use a CRISPR/Cas9 construct with an mCherry fluorescence 
marker that uses a guide RNA targeting our three VICTR constructs. The screening 
process for a victl1 victr double mutant would be the same with exception of using 
mCherry fluorescence as a marker to select out plants containing the CRISPR/Cas9 
construct. This saves the time of genotyping for the construct, making selection of double 
mutants without the construct faster and easier  
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